[1] A 9 day periodic oscillation in solar wind properties, geomagnetic activity, and upper atmosphere has been reported for the year 2005. To understand the energy transfer processes from the high-speed solar wind streams into the upper atmosphere, we examined Joule heating and hemispheric power (HP) from the assimilative mapping of ionospheric electrodynamics (AMIE) outputs for 2005. There are clear 9 day period variations in all AMIE outputs, and the 9 day periodic oscillation in the global integrated Joule heating is presented for the first time. The band-pass filter centered at 9 day period shows that both Joule heating and HP variations are correlated very well to the neutral density variation. It indicates that the energy transfer process into the upper atmosphere associated with high-speed solar wind streams is a combination of Joule heating and particle precipitation, while Joule heating plays a dominant role. The sensitivities of Joule heating and HP to the solar wind speed are close to 0.40 and 0.15 GW/(km/s), respectively. 
Introduction
[2] During the declining phase of the solar cycle, when the IMF is decreasing and the solar irradiation remains almost constant [Gibson et al., 2009] , high-speed solar wind streams (HSSs) are typical and dominate the Sun-Earth interaction. For much of 2005, an unusual arrangement of three equally spaced coronal holes resulted in a sequence of HSSs that corotated past the Earth at intervals of 9 days [Temmer et al., 2007] . The strong correlation between these solar wind stream, geomagnetic activity and thermosphere density at a 9 day period has been reported recently [Lei et al., 2008a] . Specifically, a 9 day recurrence seen in neutral densities derived from accelerometer measurements on the CHAMP satellite [Reigber et al., 2002] is simultaneously present in the solar wind and geomagnetic activity index Kp, but not in the solar EUV flux [Qian et al., 2010] , which indicates a strong linkage between solar wind energy input into the magnetosphere and thermospheric density. Thayer et al. [2008] reported a predominant 7 day oscillation in the 2006 CHAMP-derived thermospheric density, and related this oscillation to solar wind fast streams. The global mean Total Electron Content (TEC) [Lei et al., 2008b] and S O/N 2 ratios measured by the Global Ultraviolet Imager (GUVI) on the TIMED satellite [Crowley et al., 2008] also present strong 9 and 7 day periodic oscillations in 2005 and 2006, respectively, that are well correlated with the solar wind speed and Kp index.
[3] While it is proposed that the periodic oscillations observed in thermosphere/ionosphere are a direct response to recurrent geomagnetic activity and associated high-speed solar wind streams, the energy transfer processes between the solar wind, the magnetosphere and the ionosphere are not clear and still a key question for the solar wind/ magnetosphere/ionosphere coupling. The 9 day periodicity has been reported in the global electron particle precipitation Zhang et al., 2010] and the localized Joule heating [Sojka et al., 2009] , but no periodic oscillation in the global integrated Joule heating has yet been presented due to the difficulty of global measurement. At present, there are no direct ways to measure the total energy deposited by Joule heating in the polar region. It is however very important to confirm if the periodic oscillation exists in the integrated Joule heating and varies in the same manner as neutral density.
[4] In this study, we investigate two major magnetospheric energy deposition methods, Joule heating and particle precipitation, associated with this 9 day periodic oscillation. Joule heating and hemispheric power (HP) from assimilative mapping of ionospheric electrodynamics (AMIE) [Richmond and Kamide, 1988] output have been examined with the Lomb-Scargle spectral analysis. The correlation of the energy inputs to the neutral density variation has been evaluated using the band-pass filter centered at 9 day period. The sensitivities of Joule heating and HP to the solar wind speed have been examined as well.
[5] AMIE is a procedure to derive the realistic, timedependent, large-scale distribution of electromagnetic fields over the entire polar ionosphere by the synthesis of a variety of observations [Richmond and Kamide, 1988] . It is a form of optimally constrained, weighted least squares fit to all relevant data. There are many case studies for storm and substorm events by using AMIE outputs, while little effort has been made to study the Joule heating and other outputs for a long period, for instance, 1 year. In the present study, the Fuller-Rowell and Evans [1987] 
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Lomb-Scargle Analysis
[6] The interaction between the high-speed stream (HSS) and the slower solar wind ahead of it forms a compression region, the corotating interaction region (CIR), in which the magnetic field intensity and solar wind density are enhanced due to the compression [Belcher and Davis, 1971] . When there is a strong 9 day periodic oscillation in solar wind, we expect that a similar oscillation appears in IMF. Figure 1 depicts the periodograms of solar wind speed and IMF intensity and components from Lomb-Scargle spectral analysis. The dashed lines are the upper limits of the 99% significance level. To reduce the effect of IMF sector polarity (Y. S. Kwak et al., Responses of thermospheric density to the interplanetary magnetic field sector polarity changes, submitted to Journal of Geophysical Research, 2010) and the high-frequency oscillation of the IMF in CIRs, we choose |B x |, |B y | and |B z | over B x , B y and B z in our analysis. The solar wind speed periodogram clearly shows a prominent peak at 9 days associated with the three equally spaced high-speed streams. There is also a 9 day peak in the IMF intensity and components that is related to the enhanced magnetic fields in the CIRs formed at the leading edges of the high-speed streams. Both IMF and solar wind velocity affect the magnetic reconnection rate in the magnetosphere, such as the dayside Magnetic Merging Rate (MMR = V 4/3 B T 2/3 sin 8/3 ( c /2) [Newell et al., 2008] ), and the interplanetary electric field (IEF = −V × B), which directly controls magnetospheric energy inputs into the upper atmosphere. Therefore, there are two components associated to HSSs that influence the magnetospheric energy inputs into the upper atmosphere: the direct variation in solar wind velocity and the indirect variation in IMF. Since the effects of the variation in the solar wind speed and IMF cannot be separated through the data analysis in this study, the change of solar wind speed has been used to represent all the corresponding change in the solar wind conditions caused by HSSs.
[7] Figure 2 shows that the Lomb-Scargle periodograms of Joule heating, CPCP, HP and Dst index from AMIE output in 2005 have clear peaks at 9 days above the 99% significance level. Joule heating and particle precipitation are two primary methods through which the magnetospheric energy is deposited in the upper atmosphere. The 9 day periodicity in particle precipitation has been seen in NOAA particle observations and TIMED GUVI observations [Zhang et al., 2010] . However, a 9 day periodicity of the global integrated Joule heating has not been reported due to the difficulty of measurement. The data assimilated model, AMIE, is an important method to estimate the variation of global Joule heating and other energy inputs, although it is limited by the distribution and quality of data and the assumptions carried by the model. For example, the distribution of the magnetometer data is not uniform and quite sparse at some locations. Joule heating related to the small-scale electric field variation is not well presented in the model. As shown in Figure 2 , the existence of 9 day oscillation in the integrated Joule heating has been demonstrated for the first time. Comparison of the magnitudes of the 9 day oscillations between Joule heating and HP shows that the amplitude of Joule heating at 9 days is close to 30 GW and almost two times as large as that of HP (14 GW), which indicates that Joule heating might be more important than HP in producing the 9 day oscillations in thermospheric density.
[8] The prominent feature of a 9 day periodicity in the solar wind speed during 2005 is quite unusual and different periodicity peaks may present in different years . Nevertheless, the coexistence of the 9 day periodic variation in both the solar wind speed and the magnetospheric energy inputs supports the cause and effect relationship between HSSs and thermospheric density enhancements. The ICMEs in 2005 [Richardson and Cane, 2010 ] produced significant geomagnetic storms and technically their contribution cannot totally be excluded in the processing. Since ICMEs are transient phenomena and have no well-organized repeatable feature with a 9 day periodicity like HSSs, their contribution to the 9 day period oscillations should not be dominant.
[9] Figure 1 shows a dominant 27 day peak in both solar wind speed and IMF conditions, which is directly related to the solar rotation. However, in Figure 2 , there is no peak at 27 days but a primary peak at 30 days instead in both Joule heating and HP. The 30 day peak and 27 day minimum have also been shown in Kp [Lei et al., 2008a] , HP and O/N2 from TIMED/GUVI observations [Zhang et al., 2010] . The stronger geospace driver in the 30 day component than in the 27 day component is a very interesting feature and will be investigated at some point.
Band-Pass Filter and Sensitivity of Energy Inputs to the Solar Wind Speed
[10] A band-pass filter centered at 9 days with range from 6 to 12 days has been utilized to further study the energy transfer processes from the high-speed solar wind streams into the upper atmosphere through Joule heating and particle precipitation. Figure 3 shows the percentage of the bandpass filtered Joule heating residuals (red) to the 12 day running mean and the percentage of the band-pass filtered CHAMP measured neutral density residuals (blue) to the 12 day running mean. The correlation coefficient between Joule heating and neutral density is r = 0.93. The correlation coefficient between HP and neutral density is also high (r = 0.92). The very good correlation between AMIE outputs and thermospheric neutral density for 6-12 days periodic oscillation suggests that the energy associated with the high-speed solar wind streams is dissipated in the upper atmosphere through both Joule heating and particle precipitation heating. [11] The sensitivities of Joule heating and HP variations to the solar wind speed change have been compared for the year 2005. The same band-pass filter process has been applied to the solar wind data. The band-pass filtered Joule heating residuals are then correlated with solar wind speed residuals after taking into account the time lag between them. Due to the nonsinusoidal nature of the periodicity, the specific period window (6-12 days) has been used for the band-pass filter. We have also investigated the situations with other window size (7-11 days and 8-10 days) and find only very slight change in the sensitivity (≤5%).
[12] Figure 4 presents the variations of Joule heating and HP corresponding to the variation of solar wind speed. The red lines are the best linear fit, which show that the sensitivity of Joule heating to the solar wind speed is close to 0.40 GW/(km/s), and the sensitivity of HP to the solar wind speed is close to 0.15 GW/(km/s). When the solar wind changes from low-speed stream (400 km/s) to highspeed stream (700 km/s), Joule heating and HP increase by 120 GW and 45 GW, respectively. In a quiet time, the average value of Joule heating and HP are close to 95 GW and 36 GW [Knipp et al., 2004] . These results indicate that the high-speed solar wind streams roughly double the quiet time magnetospheric energy inputs into the upper atmosphere and cause global variations. The red lines in Figure 4 only represent the statistical average. Due to the difference of the IMF and solar wind conditions other than the solar wind speed, the slope has a relatively broad range, including some outlying paths. Meanwhile, the red line may not represent the response to "pure" high-speed streams because of the influence of transient activities, but represents the yearly average response to high-speed streams.
[13] A direct comparison of the relative significance of Joule heating and HP on CHAMP densities should be made with caution, because Joule heating and HP influence the upper atmosphere through different processes. For HP, only a fraction (∼50% [Rees et al., 1983] ) goes into heating the neutral atmosphere directly with the remainder going into ionization, dissociation and emission. In contrast, all of the Joule heating heats the atmosphere. Simulation study is needed in the future to compare the consequences in the thermosphere of the Joule heating and HP changes related to the high-speed solar wind streams. In this paper only the sensitivity of energy inputs to the solar wind speed has been presented. Given that the magnetospheric energy input into the upper atmosphere depends on both solar wind and IMF, the sensitivity to other parameters, such as BV 2 and rV 2 , is also very important and has been investigated in a separate paper (Y. Huang et al., Comparison of Joule heating associated with high-speed solar wind between different models and observations, submitted to Journal of Atmospheric and Solar-Terrestrial Physics, 2011).
Conclusion
[14] The 9 day periodicity found in the upper atmosphere is consistent with a similar periodicity present in the solar wind speed. To understand the energy transfer processes into the upper atmosphere associated with high-speed solar wind stream, we first examined solar wind speed and IMF conditions in 2005 by Lomb-Scargle spectral analysis. The solar wind speed periodogram clearly shows a prominent peak at 9 days associated with the three equally spaced high-speed streams. There is also a 9 day peak in the IMF intensity and components that is related to the enhanced magnetic fields in the CIRs formed at the leading edges of the high-speed streams. The Lomb-Scargle periodograms of Joule heating, CPCP, HP and Dst index from AMIE outputs in 2005 have clear peaks at 9 days. The presence of 9 day periodic oscillation in integrated Joule heating is demonstrated for the first time.
[15] The strong correlation of the 9 day oscillation in Joule heating and particle precipitation to the variation in neutral density suggests that the energy transfer processes into the upper atmosphere associated with high-speed solar wind stream is a combination of Joule heating and particle precipitation, while Joule heating may play a more important role. The sensitivities of Joule heating and HP to the solar wind speed are close to 0.40 GW/(km/s) and 0.15 GW/(km/s). When the solar wind changes from lowspeed stream to high-speed stream, Joule heating and HP increase by 120 GW and 45 GW, respectively, which indicates that the high-speed solar wind streams roughly double the quiet time magnetospheric energy inputs into the upper atmosphere and cause global variations.
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